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Pitx2, a Bicoid-Type Homeobox Gene,
Is Involved in a Lefty-Signaling Pathway
in Determination of Left-Right Asymmetry
Robertson, 1997). Recently, many genes such as activin
(Levin et al., 1995) and its receptor (Levin et al., 1995),
Sonic hedgehog (Shh) (Levin et al., 1995), nodal (Levin
et al., 1995), the TGFb superfamily members lefty-1
(Meno et al., 1996) and lefty-2 (Meno et al., 1997), and
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Takashi Inoue,* Hideyo Ohuchi,§
Elena V. Semina,³ Jeffrey C. Murray,³
Hiroshi Hamada,²‖ and Sumihare Noji*# cSnR, a member of the Snail family (Isaac et al., 1997),
were shown to exhibit L-R asymmetrical expression in*Department of Biological Science and Technology
Faculty of Engineering early chick, mouse, or Xenopus embryos (Yost, 1995).
In addition to these, we report here a gene that is ex-The University of Tokushima
2-1 Minami-Jyosanjima-cho pressed in the left lateral plate mesoderm (LPM) in both
mouse and chick embryos. This gene is a homolog ofTokushima 770-8506
Japan human RIEG, a bicoid-related homeobox gene whose
mutation results in the Rieger syndrome (Semina et al.,² Institute for Molecular and Cellular Biology
Osaka University 1996). The Rieg gene has been isolated independently
by several groups and designated as Ptx2 (Gage and1-3 Yamada-oka
Suita, Osaka 565-0871 Camper, 1997), Otlx2 (Mucchielli, et al., 1996), or Brx1
(Kitamura et al., 1997). Pitx2 has been reported to beJapan
³Departments of Pediatrics and Biological Sciences expressed in the developing face, brain and limbs of
mouse embryos, consistent with the manifestation ofThe University of Iowa
Iowa City, Iowa 52242 RIEG abnormalities (Semina et al., 1996), but its expres-
sion pattern during early development had not yet been§Department of Genetic Biochemistry
Faculty of Pharmaceutical Sciences shown. We studied its pattern of expression in early
stage chick and mouse embryos and found that Pitx2Kyoto University Graduate School
of Pharmaceutical Sciences is expressed asymmetrically in the left side of the LPM
in a well-conserved manner between mouse and chick.Kyoto 606-8501
Japan Recently, Meno et al. (1996, 1997) identified two new
members of the TGFb family, lefty-1 and lefty-2, which‖CREST
Japan Science and Technology Corporation are expressed asymmetrically in mouse embryos. Mu-
tant mice lacking lefty-1 show thoracic left isomerism
and bilateral expression of Pitx2, nodal, and lefty-2, indi-
cating that these genes are downstream of lefty-1 (MenoSummary
et al., 1998 [this issue of Cell]). Since nodal and Pitx2
are also expressed asymmetrically in the chick, it canSignaling molecules such as Activin, Sonic hedgehog,
be expected that their expression may be regulated byNodal, Lefty, and Vg1 have been found to be involved
a chick lefty, although no homologs of mouse lefty havein determination of left-right (L-R) asymmetry in the
been isolated in species other than human.chick, mouse, or frog. However, a common signaling
In the present study, we addressed the question ofpathway has not yet been identified in vertebrates.
whether such a lefty-mediated pathway for laterality ex-We report that Pitx2, a bicoid-type homeobox gene
ists in the chick. To do so, we examined the effect ofexpressed asymmetrically in the left lateral plate
ectopic application of mouse Lefty-1 and 22 on themesoderm, may be involved in determination of L-R
expression of Pitx2, nodal, and cSnR in a chick whole-asymmetry in both mouse and chick. Since Pitx2 ap-
embryo culture system. Our results indicated that mousepears to be downstream of lefty-1 in the mouse path-
Lefty is functional in chick embryos, suggesting thatway, we examined whether mouse Lefty proteins could
the Lefty proteins or Lefty-related proteins may also beaffect the expression of Pitx2 in the chick. Our results
involved in determination of chick L-R asymmetry. Thus,indicate that a common pathway from lefty-1 to Pitx2
it appears that the pathway from lefty-1 to Pitx2 duringlikely exists for determination of L-R asymmetry in
determination of L-R asymmetry is conserved amongvertebrates.
vertebrates. With these results, we propose a model for
the molecular pathway involved in determination of L-RIntroduction
asymmetry in the chick, consistent with the ªmidline
barrier modelº proposed by Meno et al. (1998).Development of left-right (L-R) asymmetry is a critical
step in the formation of the vertebrate body plan. Major
features of the L-R body axis such as positioning of the Results
heart and major visceral organs are conserved among
vertebrates, implicating the presence of a common Asymmetric Expression Patterns of Pitx2
mechanism in determination of L-R asymmetry (re- in Early Chick and Mouse Embryos
viewed in King and Brown, 1997; Levin, 1997; Varlet and We isolated chick Pitx2 during a screen for Pitx homo-
logs by reverse transcriptase±polymerase chain reac-
tion (RT±PCR) with degenerate oligonucleotide primers# To whom correspondence should be addressed.
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Figure 1. Expression of Pitx2 in Chick (A±E)
and Mouse (F±H) Embryos, as Revealed by
In Situ Hybridization
Embryonic stages are indicated in the bottom
corner of each panel. L, left; R, right. (A) A
transverse section through a stage 7 embryo
showing Pitx2 expression in the left LPM (me)
and endoderm (end). (B) A whole-mount
specimen at stage 10 from the dorsal aspect.
Pitx2 is expressed in the left LPM and the
area pellucida. Arrowheads marked C and D
indicate the levels of the transverse sections
shown in (C) and (D). Asymmetrical expres-
sion can be observed in (C) the left myocar-
dium (mc) and (D) splanchnopleure (sp). (E)
A transverse section of a stage 21 embryo
showing asymmetrical Pitx2 expression in the
left side of the gut (g). (F) A 4-somite mouse
embryo viewed from anterior. In addition to
the head mesenchyme (hme), Pitx2 signals
are present in the left LPM (lpm). (G) A mouse
embryo with 8/9 pairs of somites with asym-
metric Pitx2 expression in the left LPM and
bilateral expression in the head mesen-
chyme. (H) A transverse section of a mouse
9.5 dpc embryo, showing asymmetrical ex-
pression in the left dorsal part of the common
atrium (at), left common cardinal vein (cv),
ventral part of dorsal aorta (da), and left side
of the foregut (g).
targeting the highly conserved regions of mouse and mandibular and maxillary epithelia and periocular mes-
enchyme (data not shown). The asymmetrical expres-human Pitx1. The deduced amino acid sequence of one
sion is maintained in the LPM until at least stage 15clone showed high homology to the mouse Pitx2 (95%),
(data not shown) and in the left side of the heart tubeindicating its identity to be chick Pitx2.
and developing gut mesenchyme at stage 21 (FigureWe examined the early expression patterns of chick
1E), suggesting that Pitx2 may also be involved in estab-Pitx2 by means of whole-mount in situ hybridization.
lishment of L-R asymmetrical organs in the chick. InPrior to gastrulation, Pitx2 transcripts were detected in
addition, intense expression of Pitx2 was observed inthe endoderm of the area pellucida except for the mid-
the lefty body wall (Figure 1E).line and weakly in the area opaca (data not shown). At
In early mouse embryos, expression of Pitx2 is initiallystage 4 (Hamburger and Hamilton, 1951), no signals
detected bilaterally in the head fold mesenchyme at 7.5were detected in the midline of the embryo, but by stage
days postcoitum (dpc) (data not shown). Asymmetrical6, bilateral expression was observed in the head mesen-
expression of Pitx2 is first observed in the left LPM atchyme and dorsolateral region corresponding to thepre-
8.0 dpc (2±3 somite stage), extending laterally alongsumptive cardiac mesoderm (data not shown). At stage
the anteroposterior axis (Figures 1F and 1G), somewhat7, in addition to the dorsolateral mesoderm, Pitx2 is
resembling that of lefty-2 and nodal (Collignon et al.,expressed intensely in the left LPM (Figure 1A). Trans-
1996; Meno et al., 1997). However, lefty-2 and nodal are
verse sections revealed bilateral expression in the head
only transiently expressed on the left, and these signals
ectoderm, head mesenchyme, foregut, and endoderm become weak in 5±6 somite embryos, in contrast to the
(Figure 1A), while ipsilateral left expression is restricted intense asymmetrical expression of Pitx2, which per-
to the LPM (Figure 1A). The expression domain in the sists in the LPM until 8.5 dpc (8±9 pairs of somites)
LPM extends laterally along the anteroposterior axis at (Figure 1G). At 9.5 dpc, Pitx2 expression can be ob-
stage 10 (Figure 1B). At stage 10 when the tubular heart served in the brain, head mesenchyme posterior to eyes,
is formed, sagittal sections revealed Pitx2 is expressed and first branchial arch (data not shown). In addition
in the stomodeal epithelium and head mesenchyme to the LPM, asymmetrical expression of Pitx2 can be
(data not shown). In transverse sections, asymmetrical observed in the left truncus arteriosus, left dorsal part
expression was observed in the left myocardium (Figure of the common atrium, left common cardinal vein, left
1C). At stage 10, in the LPM, Pitx2 is expressed in side of foregut primodia and lung buds, and the septum
splanchnopleure rather than somatopleure (Figure 1D), transversum proximal to the liver primordium. Posteri-
while at earlier stages it is expressed in both (Figure orly, Pitx2 is expressed in the left vitelline vein, the ven-
tral part of dorsal aorta, and the left dorsal side of the1A). By stage 15, expression can also be observed in
lefty and Pitx2 for Left-Right Asymmetry
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hindgut (Figure 1H). These observations indicate that in
mouse, a strong correlation also exists between the
asymmetric orientation of organs and Pitx2 expression.
To determine the genetic hierarchy between Pitx2 and
other genes implicated in L-R axis formation, we exam-
ined Pitx2 expression in mouse mutants with perturbed
L-R development, situs inversus viscerum (iv) (Hummel
and Chapman, 1959; Layton, 1976) in which assignment
of L-R asymmetry is apparently random; individuals ei-
ther develop normally or mirror-image-reversed (situs
inversus). In iv/iv mice, we observed three patterns of
Pitx2 expression: bilateral, right-sided, and normal left-
sided expression (data not shown; detailed analyses
will be published elsewhere), suggesting that Pitx2 is
downstream of iv. Since expression of Pitx2 persists
longer than that of Lefty-2 or nodal, we were able to
observe its expression in various organ primodia and
to correlate alternation of the Pitx2 expression with di-
rection of heart looping/turning: embryos expressing
Pitx2 in the left side exhibit normal heart looping/turning,
while those expressing Pitx2 in the right side show re-
versed looping/turning. When Pitx2 is expressed bilater-
ally, orientation of the looping/turning becomes left or
right randomly. Thus, Pitx2 appears to be a key gene for
determination of leftness in heart formation, consistent
with the fact that cardiac defects are among the associ-
ated defects of the Rieger syndrome.
Ectopic Expression of Mouse lefty near the Node
at Stage 5 Results in Repression of Chick
Pitx2 Expression
Since both Pitx2 and nodal are expressed asymmetri-
cally in both chick and mouse embryos, it is reasonable
to consider that a common signaling cascade may exist
for establishing L-R asymmetry in vertebrates. In the
mouse, Meno et al. (1998) unexpectedly found bilateral
expression of Pitx2, lefty-2, and nodal in lefty-1±deficient
mice, exhibiting thoracic left isomerism (instead of right
isomerism). In any case, however, the results indicated
the involvement of Lefty-1 in the regulation of their ex-
pression. We therefore examined whether mouse Lefty-1
could affect the expression pattern of Pitx2 in early chick
embryos, although chick lefty genes have not been iden-
tified yet. We implanted a cell pellet producing mouse
Lefty-1 on either the left or right side of Hensen's node
(HN) between the epiblast and endoderm at stage 5
(Figure 2A) and checked for changes in Pitx2 expression
after 6±8 hr of incubation. We predicted that mouse
Lefty-1 would be able to induce ectopic expression of
Pitx2; however, to our surprise, implantation of the cell
pellet on the right of the node at stage 5 resulted in
Figure 2. Effect of Ectopic Expression of Mouse lefty on Pitx2,
elimination of Pitx2 expression in the left LPM (Figures nodal, and cSnR in the Left LPM
2B±2E, Table 1). Interestingly, the asymmetrical expres- (A) Schematic illustration showing the implantation of a CEF pellet
sion of Pitx2 also disappears from the myocardium (Fig- infected with a lefty-1±expressing retrovirus on the right side of HN
ure 2C), but thesymmetrical expression in theendoderm in a stage 5 chick embryo. (B) Expression of Pitx2 in the left LPM
at stage 9 is eliminated, as revealed by whole-mount in situ hybrid-is not affected (Figures 2D and 2E). In control experi-
ization. Arrowheads labeled C±E indicate the levels of the transversements where a cell pellet expressing the alkaline phos-
sections shown in the corresponding panels. Pitx2 expression isphatase gene was substituted (Figure 2F), Pitx2 expres-
repressed (C) in the myocardium (arrows) and (D and E) left LPM.
sion was unchanged (Table 1, Figures 2G±2J). When a The cell pellet (asterisk) was visualized with a mouse lefty-1 probe.
cell pellet producing Lefty-1 was implanted to the left (F±J) Control experiment with alkaline phosphatase (Alk-phos)-
of the node, Pitx2 expression in the left LPM was also expressing pellet. Pitx2 is expressed in the left LPM. Effect of Lefty
on nodal (K±N) and cSnR (O±R) expression.suppressed (Table 1). The incidence of elimination of
Cell
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Table 1. Effect of Application of Mouse Lefty near the Node at
Stage 5 on the Expression of Pitx2
Expression
Implanted of Pitx2
Left Neither
Protein Sitea Side Side x2 Test
Lefty-1 Right 4 5 p , 0.01 (14.6)
Lefty-2 Right 16 13 p , 0.01 (13.3)
Alk-phos Right 22 0
Lefty-1 Left 6 6 p , 0.05 (4.5)
Alk-phos Left 6 0
a A cell pellet producing mouse Lefty-1 or -2 was implanted into
either the left or right side of the node at stage 5 between the
epiblast and endoderm. After 6±8 hr of incubation, the expression
patterns of Pitx-2 were analyzed and classified into two types, left
and neither side.
Alk-phos, implantation of a cell pellet producing alkaline phos-
phatase.
Pitx2 expression is about 50%, which is statistically sig-
nificant as judged by the x2 test (Table 1). When lefty-2
was used in place of lefty-1, a similar effect was ob-
served (Table 1), demonstrating that mouse Lefty-1 and
Lefty-2 function equivalently upon ectopic expression
in the chick for repression of Pitx2 expression.
Since chick nodal is expressed in the left LPM (Levin
et al., 1995), we also examined the effects of ectopic Figure 3. Ectopic Expression of Either Mouse lefty-2 or lefty-1 in
the Right LPM Results in Induction of Pitx2 Expressionapplication of Lefty-1 on nodal expression. When a cell
(A) Schematic illustration depicting implantation site of a CEF cellpellet producing mouse Lefty-1 was implanted on either
pellet infected with a lefty-expressing retrovirus in a stage 71side of HN at stage 5 (Figure 2K), asymmetric expression
embryo.of nodal was repressed in a manner similar to that ob-
(B) Induction of Pitx2 expression in the right side of the embryo at
served for Pitx2 (Figure 2L), demonstrating that mouse stage 9, seen by whole-mount in situ hybridization.
Lefty-1 also can repress nodal expression. (C and D) Transverse sections of the embryo shown in (B) at the
We also examined the effect of Lefty on cSnR, a gene levels indicated. Cell pellet expressing lefty-2 is indicated by a red
asterisk.encoding a zinc finger protein of the Snail family, which
(E and F) Pitx2 expression with use of lefty-1.is expressed in the right LPM during normal chick devel-
(G±L) Control experiment with alkaline phosphatase (Alk-phos)-opment (Isaac et al., 1997). Figure 2P shows that ectopic
expressing pellet. Pitx2 is expressed in the left LPM.
application of Lefty-1 can induce expression of cSnR in
the left LPM, which does not occur when a control pellet
was implanted (Figure 2R), indicating that cSnR expres- shown). These results imply that that Lefty-2 or its re-
sion can also be regulated by mouse Lefty-1. lated protein is involved in normal expression of Pitx2
in the left LPM of the chick embryo.
Expression of Pitx2 Is Induced Ectopically
in the Right LPM by Mouse Lefty Chick Pitx2 Is Induced by Ectopic Expression
of Shhat Stage 7±8
In mouse, the asymmetric expression of Pitx2 persists In the chick embryo, Shh is expressed asymmetrically
at stage 5 on the left side of HN (Levin et al., 1995).longer than that of lefty-2 (Meno et al., 1998), suggesting
Pitx2 may be downstream of lefty-2. To determine Since ectopic expression of Shh on the right side of the
node results in bilaterally symmetrical nodal expression,whether this might also be the case in the chick, a cell
pellet expressing either mouse lefty-2 or lefty-1 was leading to randomization of visceral situs, Shh is consid-
ered a key factor in determination of L-R asymmetry atimplanted at stage 71 (2±3 somites) in the right LPM
between the epiblast and endoderm (Figure 3A). After least in the chick (Levin et al., 1995). To examine whether
Shh can induce expression of Pitx2, pellets of Shh-8±10 hr of incubation, in situ hybridization analysis re-
vealed that ectopic expression of Pitx2 in the right LPM expressing cells were implanted at stage 4 as described
previously (Levin et al., 1995). After 6±8 hr of incubation,was induced (Figure 3B). In transverse sections, Pitx2
was observed to be ectopically expressed in the right the expression pattern of Pitx2 was analyzed in 8-somite
embryos. When cell pellets were implanted on the rightsplanchnopleure and somatopleure (Figures 3C and 3E),
but not in the posterior region (Figures 3D and 3F). Im- side of the node, where Shh is normally not expressed,
Pitx2 expression was observed in both the right and leftplantation of the pellet in the left LPM did not result in
any significant alteration of Pitx2 expression (data not LPM (data not shown), as also demonstrated by Logan
lefty and Pitx2 for Left-Right Asymmetry
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et al. (1998 [this issue of Cell). These results indicate
that Pitx2 lies downstream of Shh in the molecular path-
way for determination of L-R asymmetry in the chick.
Discussion
Expression of Pitx2 Is Regulated by Lefty
or Its Related Proteins in Chick Embryos
We have found that Pitx2 is expressed in the left LPM
and subsequently in the primordia of various asymmet-
ric organs in both mouse and chick, possibly providing
left positional information during development of inter-
nal organs. Here,we focus on the regulation of the asym-
metric expression of Pitx2 in the left LPM. The genes
reported to exhibit L-R asymmetrical patterns can be
Figure 4. A Model for a Molecular Pathway of L-R Determination individed into two general classes: (a) early genes includ-
the Chick Embryo, Assuming the Presence of Chick lefty-1 (clefty-1)ing Shh, HNF3b, cAct-RIIa, and Activin-bB, whose
and lefty-2 (clefty-2)asymmetric expression are confined to a relatively small
(A) A model for roles of clefty-1 and clefty-2 predicted from thedomain in or around HN during gastrulation stages, and
change in Pitx2 expression pattern by ectopic expression of mouse(b) late genes including nodal, lefty-2, and cSnR, which
lefty (see text for details).
become asymmetric in broad domains around the time (B) Amidline barrier model for the molecularpathway of L-R determi-
of neurulation and are predominantly localized in the nation in the chick embryo (see text for details). Inhibition of the
LPM (Pagan-Westphal and Tabin, 1998). Expression of activity of X by cLefty-1 is symbolized by the bracket. A broken line
denotes diffusion of X. M, midline; L, left; R, right.lefty-1, belonging to the latter class, is restricted in the
left side of the prospective floor plate (PFP) in the mouse
(Meno et al., 1997). Pitx2 falls also into the latter class
of mouse Lefty-1 can be observed when applied justsince its asymmetric expression is fairly broad and per-
after Shh is expressed in the left side of the node, induc-sists at least until stage 21 (Figure 1E). Thus, it is likely
ing expression of X (Pagan-Westphal and Tabin, 1998).that expression of Pitx2 is regulated by the gene belong-
Judged from the fact that mouse lefty-1 starts toexpressing to both classes. Especially, since the expression can
in embryos with a few pairs of somites (Meno et al.,be regulated by mouse Lefty-1 and Lefty-2 in the chick,
1997), clefty-1 may beexpressed at about stage 7, whichthe existence of chick homologs, which we will refer
is later than a period of asymmetric Shh expression.to as cLefty-1 and cLefty-2, respectively, was strongly
Thus, it may be more likely that a role of cLefty-1 is toimplicated. Although mouse Lefty-1 and Lefty-2 have
represses the expression of X. If this is the case, it meansidentical activities when assayed in the midline and the
that under normal conditions cLefty-1 does not repressLPM in the chick, their spatial and temporal expression
X expression. Although roles of cLefty-1 are quite equiv-patterns in the mouse embryo suggest that their endog-
ocal, considering these observations together, we pro-enous functions are distinct: cLefty-1 may repress ex-
pose the signaling pathway depicted in Figure 4A.pression of Pitx2 and nodal and induce expression of
cSnR in the left LPM, while cLefty-2 may induce expres-
sion of Pitx2 in the left LPM. A Model for the Signaling Pathway in Determination
of L-R Asymmetry in the ChickAssuming the presence of clefty-1 and clefty-2 in the
chick, we consider the following scenario (Figure 4A): The present results strongly suggest that a common
molecular pathway exists from lefty-1 to Pitx2 in deter-Shh induces expression of Pitx2, mediated by expres-
sion of clefty-2, as observed for nodal (Logan et al., mination of L-R asymmetry in vertebrates. The next
question involves what this common signaling pathway1998), because Pitx2 expression is induced by mouse
Lefty-2 as well as by Shh. As it seems likely that Shh might be. This was somewhat perplexing, because un-
expected results were obtained, such as (a) inductioninduces nodal expression in the LPM via a secondary
signal ªXº whose activity resideswithin thecells immedi- of nodal, lefty-2, and Pitx2 expression in the right LPM
in lefty-12/2 embryos (Meno et al., 1998) and (b) elimina-ately adjacent to the midline (Pagan-Westphal and
Tabin, 1998), we can assume that the same factor X tion of nodal and Pitx2 expression in the left LPM after
ectopic application of mouse Lefty protein close to themay induce expression of clefty-2. Thus, there may exist
a signaling pathway going from Shh to Pitx2 through node in chick embryos. The two results are consistent
in suggesting that Lefty-1 acts to suppress the expres-X, nodal, and clefty-2 in the left (Figure 4A). Since the
expression of cSnR may be repressed in the left LPM sion of Pitx2 and nodal on both sides of the LPM in
mouse and chick. However, these results are rather par-by Nodal (Isaac et al., 1997; Pagan-Westphal and Tabin,
1998) and probably by clefty-2 (Figure 4A). adoxical, because Lefty-1 is considered to provide left
positional information. To explain the paradoxical bilat-As is in the mouse (Meno et al., 1996), clefty-1 may
be expressed in the left side of the PFP in the chick. Its eral expression of nodal, lefty-2, and Pitx2 in lefty-12/2
embryos, a midline barrier model was proposed (Menofunction in the midline appears to be to inhibit the Shh
activity or to repress expression of X, because the effect et al, 1998). In the model, Lefty-1 was speculated to
Cell
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al., 1996). Supernatants of the CEF cultures transfected with thefunction as midline barrier preventing diffusion of a fac-
viral DNAs were aliquoted and stored at 2808C until use.tor X that induces expression of nodal, lefty-2, and Pitx2.
Thus, a function of cLefty-1 is considered to be inhibition
Cell Graftingof X activity (Figure 4B) rather than repression of its
Fertilized chick eggs were purchased from Yamagishi Co. (Toku-
expression (Figure 4A). Since the mouse and chick X shima, Japan)or from Nisseiken Co. (for SPF, line Yamanashi, Japan)
are likely to be equivalent, this midline barrier model and incubated at 37.58C±38.58C until the desired stages. CEFs were
for the mouse fits well with the chick model discussed grown as described previously (Ohuchi et al., 1997). For grafting
experiments, CEFs were first infected with viruses, cultured for 3above, although we hypothesize that X is induced by
days, harvested by light trypsinization, and centrifuged for 5 min atShh in the chick.
800 revs/min. The resulting cell pellet was cut into pieces usingIn summary, we propose a midline barrier model for
tungsten needles. Chick embryos were grown in vitro according to
the chick, presuming the presence of clefty-1 and the procedure of New (1955). Using fine tungsten needles, a small
clefty-2 as shown in Figure 4B. The molecular pathway slit was made into the appropriate region of the embryo, and a
for establishment of L-R asymmetry appears to involve piece of cell pellet was grafted into the prepared slit. Embryos were
incubated until appropriate stages.the sequential expression of activin bB, Shh, and nodal:
Activin bB is the earliest known gene to exhibit asymme-
Whole-Mount In Situ Hybridizationtry and is expressed to the right of HN at stage 3 (Levin
The ICR strain was used for wild-type mice. Mouse and chick em-et al., 1995), subsequently inducing the expression of
bryos were fixed in 4% paraformaldehyde and processed for whole-activin receptor type IIa (Act RIIa) on the right side of
mount in situ hybridization according to Wilkinson (1992) with minor
HN at stage about 4 (Levin et al., 1995; Levin et al., modifications (Ohuchi et al., 1997). The following probes were used
1997). In contrast, expression of Shh is restricted to the for in situ hybridizations: mouse Pitx2 (Semina et al., 1996), nodal
left side of HN at stage 5 (Pagan-Westphal and Tabin, (Levin et al., 1995), cSnR (Issac et al., 1997), and chick Pitx2 ( this
study).1998) and induces the expression of an unknown factor
X, which is restricted to the left LPM at stage about
Acknowledgments6 (Pagan-Westphal and Tabin, 1998). X then induces
expression of nodal (Pagan-Westphal and Tabin, 1998)
We thank C. Tabin for nodal, J. Cook for cSnR, and R. T. Yu for
and probably clefty-2 in the left LPM. Diffusion of X from critical reading of the manuscript. This work was partly supported
left to right is prevented by cLefty-1, working as a midline by grants from the Ministry of Education, Science and Culture of
barrier. clefty-1 may be also induced by Shh in the left Japan to H. H. and S. N., from ªResearch for the Future Programº
to S. N., by Core Research for Evolutional Science and TechnologyPFP. Nodal induces the asymmetric expression of Pitx2
(CREST) of Japan Science and Technology Corporation to H. H.,(Logan et al., 1998) and represses expression of cSnR
and by a Special Coordinate Funds for Promoting Science andTech-in the left LPM (Pagan-Westphal and Tabin, 1998). Prob-
nology from the Science and Technology Agency of Japan to S. N.ably, cLefty-2 may function similarly as Nodal. Pitx2
likely provides left positional information to developing
Received May 14, 1998; revised July 13, 1998.
cells in asymmetric organs required for proper organo-
genesis.
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